The mesostructure of ordered arrays of anisotropic nanoparticles is controlled by a combination of packing constraints and interparticle interactions, two factors that are strongly dependent on the particle morphology. We have investigated how the degree of truncation of iron oxide nanocubes controls the mesostructure and particle orientation in drop cast mesocrystal arrays. The combination of grazing incidence small-angle X-ray scattering and scanning electron microscopy shows that mesocrystals of highly truncated cubic nanoparticles assemble in an fcc-type mesostructure, similar to arrays formed by iron oxide nanospheres, but with a significantly reduced packing density and displaying two different growth orientations. Strong satellite reflections in the GISAXS pattern indicate a commensurate mesoscopic superstructure that is related to stacking faults in mesocrystals of the anisotropic nanocubes.
Introduction
Self-assembly of nanoparticles into hierarchical structures is widely investigated for the fabrication of novel functional materials. [1] [2] [3] Material properties can be tuned precisely by combining nanoparticles with different physical properties, such as ferro-or superparamagnets, semiconductors, or optically active nanoparticles, thus representing a versatile route to metamaterials. [4] [5] [6] A large variety of structure types has been reported for assemblies of nanoparticles including binary nanoparticle superlattices consisting of different species of nanoparticles. [7] [8] [9] The structure types accessible by self-assembly can be inuenced through variation of interparticle interactions such as electrostatic, dipolar, or van der Waals interactions, [10] [11] [12] [13] [14] as well as a controlled swelling [15] [16] [17] or modication 18, 19 of the surrounding ligand shell. Controlled assembly of shape-anisotropic colloids typically leads to face-to-face oriented assemblies. [20] [21] [22] Similarly, the strong preference of face-to-face stacking of anisotropic nanoparticles consistently leads to a size-and shape-selective self-segregation of nanoparticle dispersions containing particles of varying sizes and shapes. 23, 24 Defect analysis has been carried out in great depth for larger colloidal particles 25, 26 but has been largely overlooked in mesoscopic arrangements of smaller particles (z10 nm), where the assembly of nanoparticles into mesocrystals inevitably results in the formation of defects, e.g. point defects and stacking faults. Note that the denition of mesocrystals 27 includes crystallographic alignment of the nanoparticles. 17, [28] [29] [30] [31] [32] [33] This class of materials shows great promise for applications where both the anisotropy and size-dependent properties of the nanoparticles are of central importance, e.g. for magnetic and electronic thin-lm devices. 34, 35 In this work, we investigate assemblies based on iron oxide nanoparticles and the structural diversity that is generated by relatively small variations of the nanoparticle shape. A detailed morphological characterization of different nanoparticles, i.e., nanospheres and truncated nanocubes, combined with a comprehensive structural analysis of their assemblies illustrates the structure-directing inuence of the nanoparticle shape. Competing growth orientations are observed in the mesocrystals of the highly truncated cubes, leading to the formation of complex structures. In particular, strong satellite reections appearing in the GISAXS patterns conrm for the rst time the presence of a commensurate mesoscopic superstructure.
Experimental

Synthesis and self-assembly
Monodisperse maghemite (g-Fe 2 O 3 ) nanoparticles were prepared by thermal decomposition of an iron(III) oleate precursor, according to similar procedures reported earlier. 32, 36, 37 The nanoparticles were separated by centrifugation from the crude synthesis solution. Several dispersion/precipitation cycles using a solvent-nonsolvent pair (n-hexane/ethanol) followed by centrifugation resulted in the precipitation of a waxy semisolid that was dried in a vacuum. The iron oxide content of the nanoparticle wax was estimated from the residual mass aer heating to 800 C in air employing a Perkin Elmer Thermogravimetric Analyzer TGA-7 at a heating rate of 10 C min
À1
. The presence of an ionic surfactant (i.e. sodium oleate) in the synthesis mixture has been reported to be the primary shape-determining factor controlling nanocube faceting, i.e., the degree of truncation of the nanocubes, in agreement with recent observations.
36,38
We also discovered that dispersed nanocubes undergo a change in size and shape upon long time benchtop storage in sealed containers. The highly truncated nanocubes used in this study are the result of a long-time stored (ca. 9 months) dispersion (4.5 Â 10 14 particles per mL) of the as-synthesized, moderately truncated nanocubes. No centrifugation or other size selection techniques were used to improve the characteristics of the highly truncated nanocubes prior to their assembly. Deposition of the nanoparticles onto germanium substrates was performed by drop casting a nanoparticle dispersion in an applied magnetic eld, as reported earlier. 38 In brief, $30 mL of a nanoparticle dispersion of 4.5 Â 10 14 particles per mL were deposited onto a substrate of 1 cm 2 . Evaporation took place inside a closed Petri dish, in order to reduce the evaporation rate of the carrier solvent, resulting in drying times in the order of hours. During the drying of the solvent, a magnetic eld of $30 mT was applied perpendicular to the substrate.
Characterization
Electron microscopy. TEM images were obtained using a JEOL JEM-2100 microscope equipped with a LaB 6 lament operated at 200 kV (f ¼ 2.7 mm, C s ¼ 1.4 mm, C c ¼ 1.8 mm, point resolution ¼ 2.5Å). The specimens were prepared by depositing a drop of a dilute toluene dispersion of nanoparticles on carbon-coated copper grids and allowing the solvent to evaporate rapidly. Images were calibrated using the g-Fe 2 O 3 lattice plane distance as determined from X-ray powder diffraction (XRPD, see ESI, Fig. S1 †) . Particle size histograms were built by manually measuring the diameter or edge length of at least 200-300 nanospheres and 50 nanocubes, respectively, on TEM micrographs. The mean size and its standard deviation, s, were determined by tting the corresponding histogram with a Gaussian distribution function.
As a measure of the shape anisotropy of the nanocubes, the dimensionless degree of truncation, s ¼ 2t/l c , is introduced (see Fig. 1 ). For comparison, s ¼ 0 for an ideal cube, whereas s ¼ 1 for a cuboctahedron. Similar to previous work, 38 the degree of truncation of the nanocubes was determined for the aged nanocubes by manually measuring the average truncation length, s ¼ (s a + s b )/2, for each of the cube edges l c using HRTEM images at 800k Â magnication. Above 600k Â magnication, the uncertainties in t and l c are dt $ 0.145 nm and dl c $ 0.105 nm, respectively. This yields the relatively small maximum uncertainty ds $ 0.03 for the measurement. Four values of s were obtained from each of 70 particles. The mean degree of truncation and its standard deviation were obtained from tting the histogram with a Gaussian distribution function.
For these measurements, particles oriented close to the [001] zone axis are required (see Fig. S3 †) . In essence this means that particles are selected based on the preferential orientation which will cause an oversampling of more cube like particles with smaller s. For the high degree of truncation in the studied samples, a large amount of nanocubes is oriented in the [111] direction, i.e. lying on the truncated facet, and only those nanocubes with a slightly lower degree of truncation are oriented favorably for determination of s. This results in an oversampling of the nanocubes with a lower truncation.
SEM images of the self-assembled arrays were obtained using a LEO 1550 SEM operated at 20 keV.
SAXS. Small-angle X-ray scattering was performed on dilute nanoparticle dispersions in toluene at the B1 beamline of the DORIS synchrotron at HASYLAB/DESY. During the rst experiments ('as-synthesized' truncated nanocubes), the incident X-ray energy of 7 keV was chosen, and the scattering data were recorded using a multiwire proportional chamber gas detector (Gabriel detector). At a second measurement 9 months later ('aged' highly truncated nanocubes), a Pilatus 300K detector was available, and the incident X-ray energy of 12 keV was chosen. All measurements were carried out using detector distances of 0.93 and 3.63 m, and the scattering data were averaged circularly for evaluation. Details on the SAXS data renement are given in the ESI. † GISAXS. Grazing incidence small-angle X-ray scattering measurements on the deposited mesocrystals were performed at the ID01 beamline of the ESRF and the SWING beamline of the Synchrotron SOLEIL. At ID01, a CCD detector with 1242 Â 1152 pixels and a pixel size of 55 mm was set at a distance of 0.519 m from the sample. The incident energy was set to 7.105 keV, just below the Fe K edge, and the incident angle of the primary beam was varied between 0.30 and 0.60
. At the SWING beamline, a sample-to-detector distance of 1.600 m and an incident energy of 7.000 keV were chosen. The incident angle of the primary beam was varied between 0.10 and 0.80 . The scattering was recorded on an Aviex CCD detector of 4096 Â 4096 pixels with a soware binning to 1024 Â 1024 pixels with a pixel size of 164 mm. The critical angle of total reection of the samples at the chosen conditions is 0.125 . Details on the mesocrystal structure determination from GISAXS data are given in the ESI. †
Results and discussion
Morphological characterization
Maghemite (g-Fe 2 O 3 ) nanocubes and nanospheres were prepared by thermal decomposition of an iron(III) oleate precursor. 32, 39 The lattice parameters of the inverse spinel structure determined by XRPD were in both cases close to the literature value of g-Fe 2 O 3 (a g-Fe 2 O 3 ¼ 8.348Å, see ESI †). 40 The morphology of the nanoparticles was characterized by a combination of small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM). The nanospheres have a diameter of D sph ¼ 9.2 AE 0.4 nm (TEM) in reasonable agreement with the radius of r sph ¼ 4.96(1) nm derived from SAXS. The truncated character of the nanocube corners is rationalized using the dimensionless degree of truncation s. 38 The assynthesized truncated nanocubes have an edge length l tc ¼ 8.6 AE 0.5 nm with s tc ¼ 0.45 AE 0.05 as determined by TEM. Upon 9 months of bench-top storage, the nanocubes dispersed in toluene (4 Â 10 15 particles per mL) undergo a change in size and shape resulting in cubes with a higher degree of truncation, l htc ¼ 8.9 AE 0.7 nm and s htc ¼ 0.53 AE 0.07 (TEM). SAXS measurements of the nanocubes with different degrees of truncation are displayed in Fig. 1 . Fitting of the data to a spherical form factor yields radii of r tc ¼ 5.32(2) and r htc ¼ 5.07(1) nm for truncated and highly truncated cubes, respectively. This indicates that even though the edge length of the nanocubes increases slightly as they age, they display a net reduction of their radius of gyration, which can be correlated geometrically to s if the edge length of the cube is known (and vice versa, see ESI † 
Self-assembled mesostructures
Drop-casting dispersions of highly monodisperse iron oxide nanoparticles under the inuence of an external magnetic eld yields well-ordered micron sized assemblies that are several hundred nm in height upon solvent evaporation. 32, 38 The arrays formed by nanospheres consist of hexagonally closed packed layers and grow as hexagonal platelets as observed by scanning electron microscopy (SEM) (Fig. 2a and b) . All reections of the grazing incidence small-angle X-ray scattering (GISAXS) pattern presented in Fig. 2c [43] [44] [45] However, a slight degree of diffuse scattering observed in the Q z direction between the reections may indicate the presence of random stacking faults in the assemblies. Nonetheless, the fcc arrangement of the nanospheres can be considered to be the reference structure for isotropic nanoparticles.
In the case of anisotropic nanoparticles (e.g. cubes, octahedra), a preference for face-to-face orientation in mesocrystals is generally observed. 23 We have recently shown that the moderate degree of truncation in the as-synthesized nanocubes (s tc ¼ 0.45) induces a body-centered tetragonal bct arrangement 38 in contrast to the simple cubic sc packing found for cubic Pt nanoparticles.
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SEM and GISAXS of mesocrystals prepared from highly truncated nanocubes (s htc ¼ 0.88) reveal an fcc arrangement similar to the nanospheres, albeit with two different preferred orientations, i.e. tetragonal and rhombohedral conguration. Different preferred growth orientations are found in varying ratios in all assemblies of the highly truncated cubes. This behavior deviates signicantly from that of the nanospheres and the nanocubes with a moderate degree of truncation (s tc ¼ 0.45), where growth of the assemblies occurs only in one preferred direction. For comparison, the GISAXS patterns of two arrays exhibiting a preference for the two different growth orientations are shown in Fig. 3 . Both patterns are compatible with the same fcc lattice (Fm 3m, no. 225) with a lattice constant a ¼ 20.8(1) nm. The pattern of the [100] oriented fcc lattice (shown in Fig. 3a) is indexed to the tetragonal subgroup I4/mmm (no. 139) with a ¼ 14.7(1) nm and c ¼ 21.0(1) nm, similar to the bct arrangement of the as-synthesized nanocubes (s tc ¼ 0. 45) , 38 yet with signicantly larger lattice parameters (12 and 18% larger than a ¼ 13.1(1) nm and c ¼ 17.8(1) nm, respectively). The pattern of the [111] oriented fcc lattice (shown in Fig. 3c ) is indexed according to the rhombohedral subgroup R 3m with a ¼ 14.7(1) nm and c ¼ 37.0(1) nm, similar to the arrangement of the nanospheres, again with signicantly larger lattice parameters (18 and 25%). A small expansion of the fcc packing perpendicular to the substrate of 1% in [100] and 3% in [111] orientation is attributed to strain during drying of the mesocrystals.
Comparing the structure of the isotropic spheres and the anisotropic highly truncated nanocubes, we note that the near fcc unit cell of the highly truncated cubes (a ¼ 20.8(1) nm) is signicantly larger than that of the spheres (a ¼ 17.5(1) nm), i.e. 19%. At the same time, the spheres and the highly truncated nanocubes are almost identical in size, i.e. near-identical SAXS radii and similar values of the diameter (D sph ) and edge length (l htc ). It is difficult to motivate this considerably less dense packing (of 28(2)% vs. 39(1)%, see ESI †) based on a random orientational order of the highly truncated nanocubes. Hence, the unit cell expansion strongly indicates alignment of the nanoparticles along their long dimensions, i.e. oriented edge-toedge or corner-to-corner. Low density structures induced by a high degree of crystal alignment have also been observed in the case of octahedral nanoparticles. 29 Because of the relatively large unit cell volume, there are in fact several possible arrangements (see ESI †) with different levels of complexity. The simplest and most symmetric oriented structure is displayed in Fig. 3b and d and is obtained by arranging the nanocubes parallel to the fcc unit cell edge, i.e.
[100] NP parallel to [100] MC where NP and MC refer to nanoparticle and mesocrystal, respectively. Here, each nanocube is oriented edge-to-edge with respect to its 12 nearest neighbors, which may be justied by the much lower packing density of the highly truncated nanocubes (28(2)%) as compared to the face-to-face arrangement of nanocubes with s ¼ 0.45 (41(2)%). 38 The resulting separation distance of 2.1(2) nm is realistic with respect to the oleic acid chain length and similar to the nearest-neighbor distance in the nanosphere assembly. Furthermore, the growth of the mesocrystals along one of two discrete orientations and the nearly identical lattice parameters of the resulting fcc structures strongly suggest that the oriented structure is the same in both cases.
The orientational order is not necessarily perfect for all of the nanoparticles. The dependence of the orientational ordering of nanoparticles within the array on the organic particle surface coverage has recently been reported by Simon et al. 47 In our study a quantitative statement on the probability of alignment cannot be made from the available data, however, the observed increase in lattice parameters is signicant and justies the alignment of a signicant portion of the highly truncated nanocubes. 
Commensurate superstructure
The GISAXS patterns contain strong satellite reections which suggest that the highly truncated nanocubes (s htc ¼ 0.88) not only result in mesocrystals with different growth orientations but also generate a commensurate mesoscopic superstructure. Satellite reections observed around the (00l) and (10l) reec-tion series of the [111] oriented fcc lattice (i.e. the rhombohedral R 3m conguration) are shown in Fig. 4 and are found to obey the rhombohedral symmetry by following the propagation
are observed for h + l ¼ 2n and h + l ¼ 2n + 1, respectively. Combining all observed propagation vectors, the entire superstructure can be described by either a large supercell with A ¼ 3a, B ¼ 3b, and C ¼ 3c, or a smaller supercell of lower symmetry with A ¼ 3a, B ¼ b, and C ¼ 3c. Laterally, the satellite reections are related to linear defects observed by SEM for many of the highly truncated nanocube mesocrystals (Fig. 5a ). These defects have a lateral period three times larger than the lattice constant, corresponding to the in-plane component of the propagation vector of ðhkÞ ¼ AE
. Considering the depth sensitivity of the GISAXS technique, the observed periodicity is not a surface effect of a single layer, but ranges deep into the bulk of the mesocrystals as indicated by the l ¼ AE1/3 component of the propagation vector. As the projection of the propagation vector perpendicular to the substrate is equal to the lateral component, a lateral shi of the observed periodicity with each particle layer is deduced. The defect lines observed in SEM (Fig. 5a ) and the satellite reections observed by GISAXS (Fig. 4) Note that x does not indicate the amount of stacking faults, but the probability of CBAC stacking in the average representation of the mesocrystal sample (here 30-35%). Thus, it is not possible to distinguish from the reection intensities alone whether there are large domains with x ¼ 0 and x ¼ 1 or a random order of CABC and CBAC units in the mesocrystal. However, the large structural coherence of the C layers, observed as sharp superstructure reections with long correlation length, is only compatible with a single stacking fault whereas multiple stacking faults would likely appear in any A, B, or C layer and thus destroy the triple period of the superlattice. A small amount of stacking faults leading to large domains of the different fcc congurations is thus likely. Additional information on the stacking fault-mediated intergrowth of fcc domains might be obtained in a diffraction study on individual mesocrystals as opposed to the 2D powder of mesocrystals studied here. Very similar stacking faults have been reported for larger colloids, illustrating the intergrowth of different fcc domains in otherwise single-crystalline assemblies.
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As can be seen in the detail of the top layer of the suggested superstructure (Fig. 5b) , the higher index cleavage planes {123} are not at and the height variation correlates well with the surface structure of the defected domain (Fig. 5a) . In atomic systems, cleavage planes that generate stepped surfaces are oen unstable towards surface reconstruction, which is a likely reason as to why a part of the surface layer is rather disordered. 48 Regardless, the triple periodicity of the top layer is clearly visible, indicating that the unit cell is tripled perpendicular to the observed defect lines. Moreover, a closer look at the SEM in Fig. 5a reveals the preference of a local square arrangement of the nanocubes in the superstructure despite the overall hexagonal lateral symmetry. This observation is consistent with the quasi-square order of particles in the superstructure model and suggests the competition between square and hexagonal coordination as the driving force for the competing stacking types. Indeed, the trigonal prismatic coordination of hcp stacked layers accommodates a square order for at least a part of the involved particles, as opposed to the octahedral coordination of purely fcc layers.
The observed superstructure is distinctly different from structures resulting from segregation of particles of slightly different shape and size. 23, 24 Nanocubes with low degree of truncation preferentially deposit with the cube face, i.e. {100}, parallel to the substrate and aligned to each other, thus maximizing the interaction area. Increasing s leads to larger {111} facets (with a quadratic dependence f s 2 ), resulting in a favored alignment of the {111} facet parallel to the substrate. Indeed, a structural transition from a sc to a rhombohedral symmetry has been observed at s ¼ 0.9 by Monte Carlo simulations of the packing of truncated cubes (0.6 < s < 1.0) in the absence of anisotropic interactions 49 and also experimentally by adjusting the ligand and solvent excess. 50 
Conclusions
In summary, we have determined the mesostructure of large ordered arrays formed by iron oxide nanoparticles with different morphologies, i.e., nanospheres and highly truncated nanocubes. We nd that both the isotropic spheres and the anisotropic highly truncated cubes (s htc ¼ 0.88) are ordered in a fcc arrangement. The larger unit cell of the nanocube mesocrystals and the two discrete growth orientations strongly suggest alignment of the crystal axes of the nanocubes, as a consequence of their anisotropic shape. These results complement the structure previously reported for moderately truncated nanocubes (s tc ¼ 0.45). 38 We have also found that the mesocrystals display a commensurate superstructure, through the satellite reections determined by GISAXS and defect lines observed by SEM. The superstructure was related to stacking faults which propagate through the mesocrystals. We have presented a model for the supercell which suggests that the superstructure originates from the competition between the square and hexagonal ordering. This intergrowth is in contrast to the more common observation of segregation into different types of assemblies. Our experimental ndings, i.e., the coexistence of square and hexagonal lateral order, suggest that a ne balance between the pure packing constraints and anisotropic interactions dictate the symmetry of the mesocrystals. These ndings also illustrate the capabilities of using complementary techniques such as electron microscopy and GISAXS for the structural determination of ordered assemblies of anisotropic nanoparticles with unprecedented complexity.
